As a renewable energy source, geothermal energy can provide base-load power supply both for electricity and direct uses, such as space heating. Regarding this last use, in the present study, district heating systems aided by geothermal energy, the so-called geothermal district heating systems, are studied. Thus, three different options of a geothermal district heating system are evaluated and compared in terms of environmental and economic aspects with a traditional fossil installation. Calculations were carried out from a particular study case, a set of buildings located Province of León in the north of Spain. From real data of each of the assumptions considered, an exhaustive comparison among the different scenarios studied, was thoroughly made. Results revealed the most suitable option from an economic point of view but always considering the environmental impacts of each one. In this regard, the assumption of a district heating system totally supplied by geothermal energy clearly stands out from the rest of options. Thus, the manuscript main objective is to emphasise the advantages of these systems as they constitute the ideal solution from both the economic and environmental parameters analysed.
Introduction
Sustainable development has become an issue of crucial importance for the present society. In this context, district heating systems aided by renewable energies play a fundamental role. In regards to geothermal energy, it appears to have the potential of a suitable alternative for this kind of installations [1] [2] [3] . The use of this energy has recently been the focus of increasing attention because of its minimum negative environmental impact, low operating costs and the simplicity of the required technologies [4] [5] [6] [7] [8] . For these reasons, numerous district heating plants supplied by the mentioned energy were implemented in many countries during the last decade [9] . Most of them were installed in Europe, being France and Iceland in the lead [10] [11] [12] [13] [14] .
In the particular case of Spain, in 2016, the number of district heating installations was of 306, or 59 more than in 2015, with a total installed capacity of 1219 MW. In most of the autonomous communities there has been a clear increase in the number of these systems [15, 16] . Cataluña stands out with 19 new installations and represents the 35.8% of the total capacity installed in Spain. It is followed by Madrid, whose 316 MW represent 25.9% of the 1219 MW total.
A remarkable fact is that 74% of the Spanish district heating uses a renewable energy source. A total of 225 installations are aided by these energies, of which 218 use biomass [17] . In relation to the
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Energies 2018, 11, x FOR PEER REVIEW 2 of 17 A remarkable fact is that 74% of the Spanish district heating uses a renewable energy source. A total of 225 installations are aided by these energies, of which 218 use biomass [17] . In relation to the geothermal energy, only two of the total 225 installations use this energy, that is to say, the number of geothermal district heating installations is less than 1.0% for this country representing 0.51 MW. The high initial investment this energy requires is often the reason why this option is commonly rejected. This fact together with the lack of knowledge in the field of this energy does not allow its expansion. For this reason, it is highly advisable and necessary to clarify the economic and environmental advantages these systems present in the medium and long term [18] [19] [20] .
The objective of this work is to emphasize the benefits of a geothermal district heating from an economic and environmental point of view [21] [22] [23] . For this purpose, different district heating scenarios using exclusively geothermal energy or combined with gas boilers were contemplated. The group of assumptions was applied to a certain case of study implementing real data and making the corresponding dimensioning. Results derived from the set of calculations allowed to know how the use of geothermal technology positively affects the economy of the whole process being at the same time largely environmentally friendly.
Materials and Methods

Initial Description of the Study Area
The different heating options contemplated in this work were designed to cover the thermal needs of three buildings placed at the University Campus of Vegazana in the province of León (Spain):
• The university school of education (A) • The higher and technical school of mining engineers (B) • The higher and technical school of industrial and aerospace engineering (C) Figure 1 shows the regional situation and location of the buildings in question. The present heat source that covers the thermal demand of these universities is a common installation of natural gas where each building is supplied by an individual boiler. The annual use of fuel of each construction can be found in Table 1 . Additional information is provided in Table A1 of Appendix A. Table 1 . Annual use of natural gas of each building.
Building
Annual Use of Natural Gas (kWh) Figure 2 shows the geological characterization of the area where the research is set. The geological formations play a fundamental role in the process of thermal exchange between ground and the heat carrier fluid. For this reason, geology is subsequently required during the process of calculation of the future geothermal district heating system. Parameters such as the total drilling length or the heat pump power are closely related to the capacity of the ground to conduce the heat (thermal conductivity of the ground). Table 2 presents the parameter of thermal conductivity for each of the geological formations described in Figure 2 .
The present heat source that covers the thermal demand of these universities is a common installation of natural gas where each building is supplied by an individual boiler. The annual use of fuel of each construction can be found in Table 1 . Additional information is provided in Table A1 of Appendix A. Figure 2 shows the geological characterization of the area where the research is set. The geological formations play a fundamental role in the process of thermal exchange between ground and the heat carrier fluid. For this reason, geology is subsequently required during the process of calculation of the future geothermal district heating system. Parameters such as the total drilling length or the heat pump power are closely related to the capacity of the ground to conduce the heat (thermal conductivity of the ground). Table 2 presents the parameter of thermal conductivity for each of the geological formations described in Figure 2 . Additionally, the meteorological information of the study area is presented in Table A2 belonging to Appendix A.
Description of the Proposed Solutions
The first alternative was designed to cover the thermal needs of the set of buildings by a district heating system exclusively aided by geothermal energy. The integrated installation was defined to supply the thermal demand of each of the buildings connected to the network. The generator plant was constituted by a vertical closed-loop geothermal system of very low enthalpy since the drilling Figure 2 . Geological description of the study area [24] . Table 2 . Thermal conductivity of the materials presented in the study area.
Geological Formation
Thermal Conductivity (W/mK) * Additionally, the meteorological information of the study area is presented in Table A2 belonging to Appendix A.
Description of the Proposed Solutions
Case 1
The first alternative was designed to cover the thermal needs of the set of buildings by a district heating system exclusively aided by geothermal energy. The integrated installation was defined to supply the thermal demand of each of the buildings connected to the network. The generator plant was constituted by a vertical closed-loop geothermal system of very low enthalpy since the drilling depths (as Section 3.1 shows) are moderate. Additionally, the geological characteristics of the area in question did not allow implementing any other version of geothermal energy, given that high temperature points are not found in that kind of materials. The central installation was planned to follow a branched pattern (fishbone schema) where each building was connected to the same generator plant by a single supplying network. The structure of the fishbone schema can be found in Figure 3 . This figure presents an initial schema of the primary and secondary nets that constitutes the projected district heating plant.
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Case 2
The second solution to supply the demand of the buildings in question was projected to combine the geothermal district heating considered above and the existing natural gas installation. Thus, it was possible to reduce the total drilling length as well as the heat pump power of the geothermal plant. In this case the thermal demand was fundamentally covered by the geothermal district heating while the individual natural gas system (already existing) provided the remaining needs. The design of the geothermal district heating was identical to the one presented for case 1. However, the calculation of this option must be carried out independently.
Case 3
The third assumption is quite similar to the above presented. However, this case proposes a district heating system where the generator plant is constituted by a single natural gas boiler in addition to the geothermal plant. Thus, the distribution system is common for both thermal sources. The geothermal system covers most of the total thermal demand (as in the previous case 2) while the natural gas boiler supplies the remaining demand. As it will be described in subsequent sections, the initial investment will be higher than in the previous case where the fossil installation is already set. Nevertheless, the higher efficiency of this natural gas boiler (in comparison with the individual heaters) will contribute to decrease the global operational costs.
Although cases 2 and 3 use as auxiliary energy source the natural gas, both cases present important differences. While case 2 need an individual natural gas boiler for each building, case 3 only implements a natural gas heater that will be common for the set of buildings.
Test Procedure
Initially, the proposed solutions previously described were technically calculated. The dimensioning of the district heating system derived from the thermal and geological description presented in the above section. Afterwards, an economic analysis of each option was also established. Once known this information, the proposed solutions (case 1, 2 and 3) and the existing installation were properly compared and evaluated. By way of clarification, the following Figure 5 describes the workflow followed throughout this research.
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Results
Dimensioning
• Case 1 calculation
The dimensioning process of a district heating system involves the calculation of three main sections: the generator plant, the distribution system and the substations. Geothermal energy was in this case selected as the energy source to constitute the generator plant. By using the energy demand of the set of buildings integrating the district heating, the geothermal installation was calculated by the software "Earth Energy Designer" (EED). This software, developed by Blocon Software (Lund, Sweden), allows knowing the total drilling depth of the vertical closed-loop system and the heat pump power required in the plant. The calculation process of EED is based on a series of initial data (provided by the user) about the installation and the ground where it will be placed [26] [27] [28] . These 
Results
Dimensioning
Case 1 calculation
The dimensioning process of a district heating system involves the calculation of three main sections: the generator plant, the distribution system and the substations. Geothermal energy was in this case selected as the energy source to constitute the generator plant. By using the energy demand of the set of buildings integrating the district heating, the geothermal installation was calculated by the software "Earth Energy Designer" (EED). This software, developed by Blocon Software (Lund, Sweden), allows knowing the total drilling depth of the vertical closed-loop system and the heat pump power required in the plant. The calculation process of EED is based on a series of initial data (provided by the user) about the installation and the ground where it will be placed [26] [27] [28] . These initial data include the selection of the heat exchangers design. For this research, double-U polyethylene pipes of 32 mm in diameter, will allow the thermal exchange with the ground.
Once introduced the particular data of the system in question, EED evaluates the main parameters of the geothermal installation. In this way, the heat pump power and the number and length of boreholes required to cover the specific demand were calculated. During the process of calculation, the software suggests a series of alternatives. For the present assumption, the most optimal option (the first one) was selected so the installation requires a heat pump power of at least 330.62 kW and 49 boreholes of 178 m depth spaced every 20 m. The general distribution of each of the components of the geothermal district heating is presented in Figure 6 . initial data include the selection of the heat exchangers design. For this research, double-U polyethylene pipes of 32 mm in diameter, will allow the thermal exchange with the ground. Once introduced the particular data of the system in question, EED evaluates the main parameters of the geothermal installation. In this way, the heat pump power and the number and length of boreholes required to cover the specific demand were calculated. During the process of calculation, the software suggests a series of alternatives. For the present assumption, the most optimal option (the first one) was selected so the installation requires a heat pump power of at least 330.62 kW and 49 boreholes of 178 m depth spaced every 20 m. The general distribution of each of the components of the geothermal district heating is presented in Figure 6 . By the above calculations, the part of the system corresponding to the geothermal installation (generator plant) was completely defined.
In relation to the distribution system, it was designed as a double-pipe system connecting the generator plant with each building. As made in the generator plant, this section was also thoroughly established. The diameters of the pipes were defined according to the mass flow rate. The required mass flow rate was calculated using Equation (1):
where: qm = mass flow rate (kg/s), ∅ = Capacity (kW), ∆t = temperature difference (K) and cp = specific heat capacity (kJ/kgK) Considering PEX-a pipes, it was possible to observe at the nomogram of Figure 7 the recommended pressure loss area (in darker colour) for this kind of pipes. This nomogram allows knowing the diameter of piping required in function of the power installed and the expected thermal increase. On the basis of these data, the pipe diameter (mm), pipe friction resistance (kPa/m) and velocity (m/s) are directly deduced.
Entering in the nomogram the power installed in each section, the diameters of each pipe were directly obtained. The pipe friction resistances and velocities corresponding to those pipes were also established. Table 3 lists the descriptions of each section of pipe. By the above calculations, the part of the system corresponding to the geothermal installation (generator plant) was completely defined.
where: qm = mass flow rate (kg/s), ∅ = Capacity (kW), ∆t = temperature difference (K) and cp = specific heat capacity (kJ/kgK). Considering PEX-a pipes, it was possible to observe at the nomogram of Figure 7 the recommended pressure loss area (in darker colour) for this kind of pipes. This nomogram allows knowing the diameter of piping required in function of the power installed and the expected thermal increase. On the basis of these data, the pipe diameter (mm), pipe friction resistance (kPa/m) and velocity (m/s) are directly deduced.
Entering in the nomogram the power installed in each section, the diameters of each pipe were directly obtained. The pipe friction resistances and velocities corresponding to those pipes were also established. Table 3 lists the descriptions of each section of pipe.
Figure 7.
Nomogram of pipe friction resistance-flow-velocity for PEX-a pipes [29] . Figure 3 .
It must be clarified that the total power installed (section 1-2) should be 330.62 kW according to the calculations presented above. However, it is not possible to find commercial heat pumps with that exact power. Thus, the most similar commercial power was the 360 kW listed in Table 3 .
Another important aspect to be considered is the heat loss through the pipes previously selected. They were accordingly calculated from the thermal transmittance provided by the manufacturer for each pipe diameter (considering pipes mounted in the air). These calculations can be found in Table A3 of Appendix A. Heat losses results are obtained for each section by the product of the thermal transmittance, the piping length and the thermal increase. The thermal increase considered in this Table A3 (80 K) represents the maximum increase that could be achieved in the system conditions for which the maximum heat losses would be found. Since the total losses are fewer than 3%, they have not been considered for subsequent calculations.
Substations were the last modules to be defined. They must be integrated by a set of heat exchangers, a buffer tank and different regulation and control devices. The buffer tank is responsible for adjusting the temperature and pressure conditions of the fluid coming from the generator plant. Its capacity was defined according to the "Regulation of thermal installations in buildings" (RITE) [30] , which recommends a volume of 15-30 litres per kW of usable nominal power generated. Additionally, heat exchangers connect the generator plant with the primary circuit as well as the primary circuit with the rest of secondary nets. These systems were selected in function of the power Figure 3 .
Substations were the last modules to be defined. They must be integrated by a set of heat exchangers, a buffer tank and different regulation and control devices. The buffer tank is responsible for adjusting the temperature and pressure conditions of the fluid coming from the generator plant. Its capacity was defined according to the "Regulation of thermal installations in buildings" (RITE) [30] , which recommends a volume of 15-30 litres per kW of usable nominal power generated. Additionally, heat exchangers connect the generator plant with the primary circuit as well as the primary circuit with the rest of secondary nets. These systems were selected in function of the power installed in the section where they are placed. All of them were designed to work with the following conditions ( Case 2 calculation
The process of calculation of the geothermal district heating in this second case was equally performed by using the EED software. In the present option, the 70% of the whole demand (demands of buildings presented in Table 1 ) is covered by the renewable part of the mixed system (geothermal district heating). Therefore, entering in the software with the pertinent demand and the rest of specific values of the ground and installation, new working conditions were obtained. Thus, a heat pump power of 229.38 kW was needed and 36 boreholes of 193 m depth spaced every 24 m were required.
The same methodology than in the previous assumption was also applied to define the distribution system and substations in case 2. Given that the system of piping is identical, Equation (1) and nomogram presented in Figure 7 were also used to define the main parameters of each section of piping. These parameters can be found in Table 5 . Substations are constituted by the same elements described in case one. A buffer tank was also selected in this second option with a lower capacity since the total power was also lower. Relative to heat exchangers, they were designed to operate with the conditions previously collected in Table 4 . The selection of these devices was also made depending on the power installed in each section.
Lastly, the remaining 30% of the global demand was covered by the set of individual natural gas boilers placed in each of the buildings. Thus, additional calculations were not needed given that the mentioned heaters were already installed and operating.
Case 3 calculation
The generator plant was in this case planned to be constituted by a geothermal system and a sole natural gas heater. The geothermal plant was identical to the one calculated above for case 2 (since it covers the 70% of the demand too). Regarding the natural gas boiler, considering and efficiency of 0.9 (higher than the existing devices), to cover the 30% of the current demand (obtained from the consumptions of Table 1 ), a heater device of at least 218.9 kW would be needed. Thus, three commercial natural gas heaters of 80 kW (each one) were chosen providing enough power to supply the requested demand.
In relation to the distribution system and substations, they were designed to transport the whole power produced in the generator plant. Since the total distributed power was the same than in case one, the dimensioning process was identical and therefore parameters were those presented in Tables 3  and 4 . Therefore, piping, buffer tank and heat exchangers were the same than in case one.
Economic Analysis
Along this subsection an economic calculation is presented for each of the assumption considered in this research. This analysis includes the initial investment and operational costs as can be seen below. Once the first case was designed, it was possible to calculate the initial investment required. Table 6 presents the unitary and the total price of each of the components of the generator plant, distribution system and substations that are part of the geothermal district heating. Additionally, the total investment for this assumption is also collected in Table 6 . Case 2
As in the first option, the initial investment was calculated as follows: regarding the natural gas installation, and given that it already exists, the initial costs of this part of the mixed system are zero. For this reason, the initial investment corresponding to the second case only includes the elements required in the geothermal district heating. Thus, the same elements of the previous option were also considered in this second assumption. Table 7 presents the initial investment of the mentioned elements belonging to the geothermal district heating of the second option. The initial investment for case three includes the costs associated to the general district heating system. On this matter, the investment of the generator plant must consider the implementation of the geothermal module and the natural gas boiler. The costs connected to the distribution system and substations were identical to those calculated in case one. Table 8 collects the initial investment that case three involves. 
Operational Costs
Case 1
Despite being a completely renewable installation, in addition to the initial investment, several additional costs have to be considered. Such costs mainly correspond to the heat and circulating pump operation and the periodic installation maintenance.
Most of the energy consumption derives from the heat pumps working. The excellent coefficient of operation (COP) of these devices allows them to provide a notable quantity of thermal energy consuming a minor amount of electricity. For the present case, two heat pumps of 180 kW (produced by ENERTRES, Galicia, Spain) connected in series provide a total of 360 kW that thoroughly cover the demand of 330.62 kW previously calculated. According to the manufacturer's data, the power consumption of each of these devices is 40.92 kW, given the high COP (4.27) they have. This COP was calculated from the mean temperature of the fluid simulated with EED software for a thirty years operational period. From this simulation presented in Figure 8 , the mean temperature of the fluid (3 • C) was estimated in order to obtain the mentioned COP for that period and according to the European Normative UE 813/2013 [31] .
Heat pumps will be operational during 9 months a year for an average of 10 h a day (considering the climatic conditions of the area and the use of the buildings). It means an electrical use of 220.968 kWh/year for the set of geothermal heat pumps. It is important to clarify that the high seasonal COP is possible thanks to a combination of different factors. The heat pumps connection (in series) increases the COP of the second heat pump, this fact joined to the favourable geological and hydrogeological ground conditions result in an improvement of the global COP. Additionally, the ground/heat pump contribution ratio shoots up the COP with a small ground contribution increase. This fact can be observed in Figure 9 . Since the electrical use of the rest of components that integrate the geothermal district heating was comparatively lower, in this section, only the heat pumps consumption and the maintenance of the whole installation were considered. Table 9 provides the costs associated to the mentioned items. * total cost per year for the two heat pumps required to cover the demand in question and considering a local rate of 0.13 €/kWh. Since the electrical use of the rest of components that integrate the geothermal district heating was comparatively lower, in this section, only the heat pumps consumption and the maintenance of the whole installation were considered. Table 9 provides the costs associated to the mentioned items. Case 2
The operational costs in this case derive from the heat pumps operation and maintenance of the whole district heating system as well as the fossil installation working. Regarding the geothermal plant, two heat pumps (of 90 kW and 140 kW) connected in series provide 230 kW to supply the previously calculated power of 229.38 kW. The COP of these pumps is also extraordinary (of 4.27 and 4.33 respectively) and hence, the power consumptions of these devices are 20.46 kW and 32.76 kW. These COP values were equally calculated as in the previous case 1. Likewise, heat pumps will be operational during 9 months a year to an average of 10 h a day. Thus, the electricity use of both heat pumps will be of 143.694 kWh/year. As in the previous case, the electricity use of the rest of components of the geothermal district heating was not considered (since it is comparatively lower).
Thanks to the geothermal system, the 70% of the total demand is covered. The remaining demand is provided by the existing fossil installation. For this reason, the operational costs must also include the pertinent natural gas use. Table 10 collects the operational costs including all the mentioned items. * total cost per year for the two heat pumps required to cover the 70% of the demand and considering a local rate of 0.13 €/kWh. ** Natural gas rate of 0.056 €/kWh + 4.54 €/month.
Case 3
In this last case, operational costs include the district heating working which, in turn, involves the heat pumps and natural gas heater operation besides the maintenance of the whole general system.
Since the geothermal plant was designed to cover the same demand than in case two (70% of the total demand), heat pumps described in that case are also used here. Thus, a power consumption of 143.694 kWh/year is required to supply two heat pumps of 90 kW and 140 kW. Natural gas use of the heater that integrates the generator plant must be also considered in this section. As in the previous case, operational costs for the natural gas are calculated considering the natural gas use (kW/h) and a local rate of 0.056 €/kWh + 4.54 €/month. Table 11 shows the operational cost corresponding to case three. * total cost per year for the two heat pumps required to cover the 70% of the demand and considering a local rate of 0.13 €/kWh. ** Natural gas rate of 0.056 €/kWh + 4.54 €/month.
Environmental Analysis
The environmental analysis is performed according to the CO 2 emissions associated with each scenario. The estimation of the greenhouse gases is based on a series of emission factors commonly accepted for each of the energy sources used [32] . Thus, by the installations implemented in each of the cases described in the manuscript. It is important to clarify that for case 1, CO 2 emissions are the corresponding to the heat pumps operation. For case 2, emissions are associated to the heat pumps working as well as the fossil installation. For case 3, these emissions derive from the operation of the heat pumps and the unique natural gas boiler. Therefore, for cases 2 and 3, two conversion factors are considered. Finally, CO 2 emissions of the system currently installed (designated here as case 4) correspond to the fossil plant constituted by three individual natural gas devices. 
Discussion
Three different scenarios have been described in the present manuscript. These options together with the existing fossil installation (case 4) are now evaluated and compared from an economic and environmental point of view. Table 13 presents the economic balance based on the calculations made in the above section. The comparison considers the initial investment and operational costs per year of each assumption until a period of thirty years (lifespan of these plants). With the aim of updating the costs of each year to the real value in that moment, data are express in terms of the "Net Present Value" (NPV). Equation (2) shows the expression for NPV:
where: I 0 = Initial investment, C 1 = Operational costs for year 1, C 2 = Operational costs for year 2, C T = Operational costs for year T and k = Discount rate. Every term of Equation (2) is negative given that initial investment and operational costs are both outlays and there are no positive cash flows. Additionally, it must be mentioned that a discount rate of 1.8% has been used in all the calculations. The operational costs for case 4 presented in this Table 13 , are exclusively those corresponding to the use of natural gas. Figure 10 graphically shows the final economic results presented in the above Table 13 at the end of the period considered. At same time, from the annual environmental analysis previously presented in Section 3.3, it was possible to estimate the total CO2 emissions accumulated at the end of the period considered (year 30). In this way, Figure 11 schematically shows the mentioned parameter for each of the cases described in this study. From the economic and environmental comparisons expounded above, a series of statements can be made:
•
The first option (case 1) requires the highest initial investment in contrast with the existing system (case 4) where this item is null. Regarding the initial investment of cases 2 and 3 (quite similar), it is significantly lower (around 25%) than in case 1.
Analysing the operational costs, it is easily observable that case 4 has the highest costs due to the plant working in each one of the years considered. On the contrary, the lowest operational costs belong to case 1, with case 2 and 3 in the middle of both scenarios.
• Differences of operational costs between cases 1 and 4 progressively increase until year 30 where the maximum deviation is found. Thus, the high initial investment of case 1 would be more than amortized in the eighth year in comparison with the present installation (case 4). Case 2 and 3 would also be amortized in year 8. However, the total savings in the last year (year 30) are much more favourable for case 1. At same time, from the annual environmental analysis previously presented in Section 3.3, it was possible to estimate the total CO2 emissions accumulated at the end of the period considered (year 30). In this way, Figure 11 schematically shows the mentioned parameter for each of the cases described in this study. From the economic and environmental comparisons expounded above, a series of statements can be made:
• Differences of operational costs between cases 1 and 4 progressively increase until year 30 where the maximum deviation is found. Thus, the high initial investment of case 1 would be more than amortized in the eighth year in comparison with the present installation (case 4). Case 2 and 3 would also be amortized in year 8. However, the total savings in the last year (year 30) are much more favourable for case 1. At same time, from the annual environmental analysis previously presented in Section 3.3, it was possible to estimate the total CO 2 emissions accumulated at the end of the period considered (year 30). In this way, Figure 11 schematically shows the mentioned parameter for each of the cases described in this study. From the economic and environmental comparisons expounded above, a series of statements can be made:
• Differences of operational costs between cases 1 and 4 progressively increase until year 30 where the maximum deviation is found. Thus, the high initial investment of case 1 would be more than amortized in the eighth year in comparison with the present installation (case 4). Case 2 and 3 would also be amortized in year 8. However, the total savings in the last year (year 30) are much more favourable for case 1.
• In economic terms, and considering the global balance of Table 13 named "NPV", the most favourable option is case 1, followed by case 3 and case 2. From an economic point of view these assumptions (case 2 and 3) are quite similar and significant differences are not detected. On the other hand, case 4 is clearly distanced from the rest of scenarios constituting the worst option regarding the economic issue.
In respect of the environmental point of view, case 1 involves the lowest quantity of annual CO 2 emissions. In case 2 and 3 these emissions are of around three times larger than in the first assumption. Regarding case 4, CO 2 emissions are seven times larger than in case 1. Therefore, with reference to the environmental aspect, case 1 represents the most respectful and appropriate solution for the area studied in this research. At the other extreme, case 4 constitutes the least favourable option given the high level of CO 2 emissions its operation involves.
Conclusions
An exhaustive calculation of three options specifically designed to cover the thermal needs of a set of buildings has been carried out in this study. From these calculations, an economic and environmental analysis has been presented in order to compare the different scenarios and select the most suitable one. Based on this comparison, case 1, where a geothermal district heating is proposed, means the ideal solution from both the economic and environmental point of view. Although it requires the highest initial investment, the operational costs are significantly lower than in the current fossil system and in the rest of cases studied. Thus, the investment would be easily amortized in a short period of time and important savings could be achieved in the remaining lifetime of the system in question. Additionally, this case 1 is also supported by the environmental side since it presents the lowest CO 2 emission rate. Even the mixed systems (case 2 and 3) constituted by geothermal energy and natural gas heaters are substantially better than the existing fossil installation thanks to the introduction of the mentioned renewable source. In any case, it has been demonstrated how the use of the geothermal energy offer a large number of interesting advantages. The initial investment of this kind of geothermal plants is always amortized in the first years of operation. In addition, the scarce electricity demand of the geothermal heat pumps causes the low operational costs as well as a limited greenhouse gases emission. 
